Summary: Brain metastases cause significant morbidity and mortality in patients with metastatic melanoma. Although adoptive cell therapy (ACT) with tumor-infiltrating lymphocytes (TIL) can achieve complete and durable remission of advanced cutaneous melanoma, the efficacy of this therapy for brain metastases is unclear. Records of patients with M1c melanoma treated with ACT using TIL, including patients with treated and untreated brain metastases, were analyzed. Treatment consisted of preparative chemotherapy, autologous TIL infusion, and high-dose interleukin-2. Treatment outcomes, sites of initial tumor progression, and overall survival were analyzed. Among 144 total patients, 15 patients with treated and 18 patients with untreated brain metastases were identified. Intracranial objective responses (OR) occurred in 28% patients with untreated brain metastases. The systemic OR rates for patients with M1c disease without identified brain disease, treated brain disease, and untreated brain disease, and were 49%, 33% and 33%, respectively, of which 59%, 20% and 16% were durable at last follow-up. The site of untreated brain disease was the most likely site of initial tumor progression (61%) in patients with untreated brain metastases. Overall, we found that ACT with TIL can eliminate small melanoma brain metastases. However, following TIL therapy these patients frequently progress in the brain at a site of untreated brain disease. Patients with treated or untreated brain disease are less likely to achieve durable systemic ORs following TIL therapy compared with M1c disease and no history of brain disease. Melanoma brain metastases likely require local therapy despite the systemic effect of ACT.
T he development of effective immunotherapy, including adoptive cell transfer (ACT) of autologous lymphocytes and checkpoint inhibitors, has dramatically altered the management of metastatic cutaneous melanoma. [1] [2] [3] [4] For example, therapy using autologous tumor-infiltrating lymphocytes (TIL) has achieved an objective response rate (ORR) of 55% and a complete response (CR) rate of 23% in 194 patients with advanced melanoma treated at the Surgery Branch, National Cancer Institute (NCI). 5 Despite these advances, patients with advanced melanoma and concurrent systemic and intracranial disease present a frequent and difficult clinical challenge. With surgery and radiation therapy, overall survival (OS) of patients with melanoma brain metastases is 8.9 months. 6 In many cases tumor multiplicity, or proximity to eloquent structures, precludes safe surgical resection. Stereotactic radiosurgery (SRS) can be used to treat such lesions, but local control is achieved in only 75% of tumors ≤ 2 cm 3 and 42% of tumors > 2 cm 3 . 7 Because systemic immunotherapy offers the potential benefit of simultaneously managing both systemic and intracranial disease, we have used TIL to treat selected patients with metastatic melanoma and untreated brain disease.
Previously we recognized that activated lymphocytes can traffic to the central nervous system (CNS) and reported intracranial objective responses (OR) to TIL therapy in 7 of 17 patients with untreated melanoma brain metastasis. 8 The objective of this report was to update and extend our previous analysis in a patient population that received a TIL product that was generated from melanoma tumor fragments. 9 This cell production technique is currently used by the Surgery Branch and in ongoing multi-institutional trials evaluating TIL for patients with melanoma (NCT02360579). We analyzed the intracranial and overall systemic response rate, identified the first site of tumor progression when disease progression occurred, and provide long-term outcomes for this cohort of patients. Finally, we also described the outcomes for patients with treated brain metastasis as well as patients with M1C disease with no history of brain disease.
PATIENTS AND METHODS

Study Population
The NCI Surgery Branch has conducted multiple clinical trials to investigate the efficacy of ACT with autologous TIL given in conjunction with a preparative nonmyeloablative conditioning and high-dose interleukin-2 (IL-2) for patients with advanced melanoma. From 2001 to 2016, 502 patients met protocol eligibility requirements which included age 18 and above, Eastern Cooperative Oncology Group score < 2, life expectancy of > 3 months, and adequate hepatic, renal, and hematopoietic reserve and were treated with melanoma TIL. Patients had evaluable extracranial disease and were enrolled on NCI Institutional Review Board-approved clinical trials. From this group, all patients with M1c disease at time of treatment were identified. 10 Patients with a history of treated brain disease were eligible if all lesions were resected or lesions were treated with radiation and documented to be stable for a minimum of 4 weeks. Patients with untreated brain metastasis were eligible if they had ≤ 3 lesions, each measuring ≤ 10 mm and without significant edema (1 patient had 5 metastases and 2 of these were identified retrospectively). Patients with leptomeningeal disease, intra-axial spinal cord lesions, and those on corticosteroid therapy were excluded. Because our TIL production process had been modified over the 15-year study period and to increase the homogeneity of our study population we included only patients who received a TIL cell product generated from tumor fragments, representing how TIL are currently derived in the Surgery Branch. Patients treated with autologous lymphocytes generated from either a core biopsy or from bulk TIL cultures were excluded, as were patients enrolled as a compassionate exemption. In total, 144 patients met our study criteria and were the focus of this analysis. This M1c population was analyzed in 3 cohorts; M1c disease and no history of brain disease, M1c disease with treated brain metastases, and M1c disease with untreated brain metastases.
Treatment
TIL Production
TIL were generated from small tumor fragments obtained from resected melanoma lesions as previously described. 9 In brief, single tumor fragments of 2-3 mm 3 were placed in individual wells of a 24-well plate and grown in culture with 6000 IU/mL IL-2 until a homogenous lymphocyte culture developed. Up to 6 individual fragment cultures with sufficient growth or autologous tumor reactivity were selected for rapid expansion (REP). These cultures were generally cryopreserved and subsequently thawed 2 days before REP. The REP consisted of the TIL culture with OKT3 (anti-CD3) antibody (Miltenyi Biotech, San Diego, CA) and IL-2 (3000 IU/mL; Prometheus, San Diego, CA) in the presence of irradiated feeder cells, autologous when possible, at a 100:1 ratio.
Protocol Design
The general design of our TIL infusion protocols has been previously reported. 4 Eligible patients received a nonmyeloablative conditioning regimen that consisted of cyclophosphamide 60 mg/kg/d for 2 days (days −7 and −6 before ACT) and fludarabine 25 mg/m 2 /d for 5 days (days −7 to −3). On select protocols, total body irradiation (TBI; 200 or 1200 cGy) was added to provide additional lymphodepletion 1-3 days before TIL transfer. Patients treated with TBI received an additional infusion of autologous CD34 + hematopoietic stem cells, as previously described. Patient who received TBI were included because a randomized control trial showed no difference when TBI is added to preparative regimen. 5 After TIL infusion, patients received IL-2 (720,000 IU/kg) every 8 hours as tolerated. Patients with brain disease were closely monitored for thrombocytopenia and transfused as necessary to maintain a platelet count of ∼ ≥ 20,000 cells/μL.
Follow-up
Clinical evaluation including imaging for tumor response was obtained 4 weeks after treatment, and at 4-to 8-week intervals for ∼2 years. Patients with untreated brain metastasis or a history of brain disease had magnetic resonance imaging of the brain, including postcontrast, T1-weighted sequences, at baseline and at each evaluation. For the other M1c patients, brain imaging was typically obtained every [8] [9] [10] [11] [12] weeks. Subsequent follow-up included imaging every 6 months for 5 years. Criteria for response were determined using the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.0. 11 For the purpose of this study we reported all brain lesions despite them being ≤ 1 cm in diameter. The intracranial response criteria were compatible with the Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM). 12 After progression by RECIST criteria, patients were discharged from their respective Surgery Branch treatment protocols. Therefore, complete data on subsequent treatments were not available.
Statistical Analysis
Kaplan-Meier analyses were used to determine the progression-free survival (PFS) and OS of different patient cohorts, beginning at the date of cell infusion. The statistical significance of the difference between Kaplan-Meier curves was determined using the log-rank test. Because the comparisons involving the patients without brain metastases were determined in advance, the P-values are reported without adjustment for multiple comparisons. The Fisher exact test was used to compare the response rates and sites of first tumor progression between the cohorts with treated and untreated brain metastases, and between untreated brain metastases and those without brain metastases. All P-values are 2-tailed with P < 0.05 indicating a statistically significant difference.
RESULTS
Patients and Treatment Characteristics
In total, 144 patients with M1c metastatic melanoma were treated with TIL and met our study inclusion criteria (Table 1) . There were 111 patients with M1c disease and no history of brain disease, 15 patients with treated brain metastases, and 18 patients with untreated brain metastases. Three of the 18 patients with untreated brain disease had been included in our preliminary report. 8 All patients received the planned preparative nonmyeloablative chemotherapy. In total, 56 patients (39%) received TBI before cell infusion. Although more patients without brain metastases received TBI than patient with treated or untreated brain metastases, the addition of TBI has not been showed to improve the rate or duration of response. 5 The number of IL-2 doses seemed to be similar in the 3 cohorts (Table 1) . One patient with an untreated brain metastasis did not receive IL-2 because of immediate toxicity related to the cell infusion. Two patients without brain metastases had received previous ACT with TIL. Median follow-up was 1.1 years for all patients (range, 0.1-13.5 y).
Of the 15 patients with treated brain disease, 6 had received SRS, 7 had previously undergone surgery, and 2 had both before cell therapy. In addition, 1 patient had whole-brain radiation therapy after local SRS. Among the 18 patients with untreated brain metastases, multiple metastases were identified in 8 patients (44%). All untreated tumors measured ≤ 10 mm in maximum diameter, ≤ 3 lesions and the median size of the largest untreated metastasis was 6 mm. Three of these 18 patients had received previous treatment for brain metastasis and had subsequently developed new brain lesions before ACT.
Intracranial Responses
OR of brain metastases were identified in 5 of the 18 patients with untreated brain metastases (28%; Table 2 ). Four of these were CRs ( Fig. 1 ) and 1 intracranial response was partial response (PR). This PR was observed in a patient with 3 untreated brain metastases, with 2 lesions completely regressing and 1 lesion diminished in size but clearly present at last follow-up (5 mo post-ACT). Although these intracranial responses were all durable, 1 of these patients developed new sites of brain disease 4 months after ACT. Of the remaining 13 patients, 10 developed progression of a known metastasis and 3 were noted to have stable brain disease at last follow-up. The individuals with stable brain disease developed rapid tumor progression at nonbrain sites and were discharged from protocols at the NCI. One patient with 3 untreated brain metastases at the time of ACT showed a mixed response, consisting of simultaneous progression of one lesion, a new lesion and regression of others (Fig. 2) . Among the 10 patients with progression, 4 underwent surgical resection, 2 underwent SRS, 3 underwent whole-brain radiation therapy, and 1 underwent SRS followed by whole-brain radiation therapy.
Brain Metastasis-associated Complications
Intracranial complications of ACT in the cohort with untreated brain metastases were limited to tumor-associated hemorrhage after treatment. A small tumor-associated hemorrhage was detected in 1 patient at the initial 4-week posttreatment evaluation. This patient remained asymptomatic and was managed conservatively. A second patient developed symptomatic intracerebral frontal lobe hemorrhage 4 days after TIL infusion and required a craniotomy for clot evacuation and tumor resection. Pathologic analysis of this specimen identified viable melanoma. This patient suffered a hemiparesis and rapid disease progression which included new brain metastasis. The platelet nadirs for the 2 patients with tumorassociated hemorrhage were within the protocol target goal (36,000 and 20,000 cell/μL, respectively). Of note, with the exception of the patient with the symptomatic intracerebral hemorrhage, there was no IL-2 or cell-related grade 3 or 4 neurotoxicity noted in the patients with untreated brain disease.
Overall Responses
The overall systemic ORR are noted in Table 3 . Patients with M1c melanoma without brain metastases achieved an ORR of 49% (PR, 28%; CR, 21%). Five of 15 patients (33%) with treated brain metastases and 6 of 18 patients (33%) with untreated brain metastases achieved an OR. Only 1 patient with a history of brain disease and no patient with active brain disease developed a CR (Fig. 2) . Of the 33 patients with treated or untreated brain metastases, only 1 patient had an ongoing systemic response at last follow-up. Overall, the ORR between the groups were not statistically significant (the Fisher exact test).
First Site of Tumor Progression
Of the 144 M1c patients, 109 (76%) developed tumor progression and 35 (24%) sustained an OR. The site(s) of first progression was identified for the 109 patients with disease progression and are noted in Table 4 . Patients with untreated brain disease were more likely to progress first in the brain than patients without brain metastases (the Fisher exact test, P < 0.0001) and patients with treated brain metastases (P = 0.03). Patients with untreated brain metastases were most likely to progress first at the site of the untreated disease (56%). Of the 17 patients with untreated brain metastases who ultimately developed progressive disease, 5 patients initially progressed only at extracranial sites. Patients without brain metastases and with treated brain metastases seemed to be at similar risk for developing new brain disease. No brain lesion treated with radiation showed tumor progression.
Progression-free and OS
The PFS for each of the 3 study cohorts is documented in Figure 3A . Patients without brain metastases achieved longer PFS than patients with untreated brain metastases (log-rank, P = 0.004). This fact reflected the proclivity for untreated brain metastasis to progress and to require additional treatment following ACT with TIL. Although patients without brain metastases also achieved longer PFS than patients with treated brain metastases, this difference was not significant (P = 0.11).
The OS for our study population is noted in Figure 3B . Patients without brain metastases achieved longer OS than patients with untreated brain metastases following ACT therapy with TIL (log-rank, P = 0.02). The OS for patients with treated brain disease and untreated brain disease was not significantly different (P = 0.47). Three patients (17%) with untreated brain metastases were alive at last follow-up. These included 1 patient with an ongoing overall and intracranial PR, 1 patient with a complete intracranial response who is now free of disease after metastasectomy of a progressive omental mass, and 1 patient with no disease following a craniotomy for an enlarging metastasis.
DISCUSSION
Brain metastases are a frequent cause of morbidity and mortality for patients with advanced melanoma. Surgery and/or radiation are standard therapy for this disease, but median survival using these modalities remains limited. 6 Immunotherapy with checkpoint inhibitors and ACT have gained recent recognition as effective and durable treatments for patients with metastatic melanoma. These therapies have made it possible in selected patients to simultaneously treat both cranial and extracranial disease sites. Unfortunately, it has been difficult to quantify the overall efficacy of these treatments for patients with brain The overall systemic ORR was 53% in this population. 16 Long et al 17 noted an intracranial response rate of 42% and an overall 6 month PFS of 46% in a similar cohort of 26 patients treated with nivolumab plus ipilimumab. Although it seems both intracranial and extracranial disease regression can be durable, long-term follow-up has not yet been reported. ACT with TILs is capable of mediating OR in over 50% of patients and durable CRs in 22% of patients with advanced melanoma. 4 This strategy is now the focus of at least 20 ongoing clinical trials. We have previously reported that melanoma TIL can effectively traffic to the CNS and noted complete intracranial responses in 7 of 17 patients with melanoma brain metastasis. 8 We now report a more focused analysis that included only patients with untreated brain disease who received TIL that were generated from small tumor fragments. We provide longer and more complete follow-up and outcome data. In addition, we compared the clinical outcome of TIL treatment of patients who had untreated brain disease with patients who had treated brain metastasis and with patients with no previous history of brain disease. Five of 18 patients treated with TIL achieved an intracranial response and 4 of these were CRs. Although this response rate is lower than we previously reported, this is likely a consequence of the small sample size and different patient eligibility criteria in both analyses. Brain-specific treatment-associated toxicity was limited to tumor-associated hemorrhage in 2 of the 18 patients. Such hemorrhages did not seem to be specifically related to the platelet nadir associated with the lymphodepleting chemotherapy. These findings support continuing a management paradigm of maintaining a goal platelet count of ≥ 20,000 cells/μL, when untreated brain metastases are present.
The PFS for patients with untreated brain disease was significantly shorter than for patients with no history of brain disease. This observation was a consequence of the fact that of the 17 patients with untreated CNS disease that developed tumor progression, 10 patients progressed rapidly at a site of untreated brain disease and 2 progressed with new brain disease. It is interesting to note that the risk of intracranial progression in patients with treated brain metastasis was not statistically different than in those patients with no history of brain disease. This may have been the result of the eligibility requirement that patients with treated brain disease must have had at least 1 month of stable brain disease before protocol entry.
The systemic response rate and OS analysis yielded important insights. As noted in Table 3 , there was no statistical difference in the ORR in the 3 cohorts analyzed. However, it is noteworthy that only 1 of the 15 patients with treated brain disease and none of the 18 patients with untreated brain metastasis achieved a CR. Moreover, the durability of the OR in patients with untreated and treated brain metastasis was decreased compared with patients with M1C disease and no history of brain disease (Table 3) . Only 1 of the 18 patients with untreated brain disease and 1 of the 15 patients with a treated brain metastasis had ongoing OR at last evaluation. It is interesting to note that both patients had PRs. Although there was no statistically significant difference in OS between patients with treated or untreated brain metastases, likely due to low power (P = 0.11), patients with untreated brain disease had lower OS than patients with M1c disease without brain disease (P = 0.02) (Fig. 3B) . Of note, as complete data on subsequent therapies after progression following ACT were not available, OS data in this study were limited by potentially heterogenous additional treatments.
Taken together, our experience with ACT to treat melanoma brain metastasis confirmed that TIL can traffic to the brain and safely mediate the complete and durable regression of brain disease for some patients with limited brain metastasis. Unfortunately, we also found that most patients with untreated brain disease required additional brain-directed therapy following TIL treatment. Furthermore, patients with melanoma brain metastasis suffered reduced OS compared with patients with M1C disease without CNS involvement. Patients with small asymptomatic melanoma brain disease may safely receive treatment with TIL followed by brain-directed therapy as needed; however, establishing local control of brain disease before ACT also seems to be an acceptable therapeutic strategy. The presence of brain disease should be factored into the interpretation and design of clinical trials for patients with advanced melanoma. It is noteworthy that effective January 2018, the American Joint Committee on Cancer will include patients with advanced melanoma and CNS involvement as stage M1D. 18 
